Voltage-clamp studies of freshly isolated smooth muscle cells from rabbit portal vein revealed the existence of a time-dependent cation current evoked by membrane hyperpolarization (termed I h ). Both the rate of activation and the amplitude of I h were enhanced by membrane hyperpolarization. Half-maximal activation of I h was about -105 mV with conventional whole cell and -80 mV when the perforated patch technique was used. In current clamp, injection of hyperpolarizing current produced a marked depolarizing 'sag' followed by rebound depolarization. Activation of I h was augmented by an increase in the extracellular K + concentration and was blocked rapidly by externally applied Cs + (1-5 mM). The bradycardic agent ZD 7288 (10 µM), a selective inhibitor of I h , produced a characteristically slow inhibition of the portal vein I h . The depolarizing sag recorded in current clamp was also abolished by application of 5 mM Cs + . Cs + significantly decreased the frequency of spontaneous contractions in both whole rat portal vein and rabbit portal vein segments. RT-mPCR of rabbit portal vein myocytes using primers derived from existing genes for hyperpolarization-activated cation channels (HCN 1-4) revealed the existence of cDNA clones corresponding to HCN2, 3 and 4. The present study shows that portal vein myocytes contain genes shown to encode for hyperpolarization-activated channels and exhibit an endogenous current with characteristics similar to I h in other cell types. This conductance appears to determine partially the rhythmicity of this vessel.
Summary
Voltage-clamp studies of freshly isolated smooth muscle cells from rabbit portal vein revealed the existence of a time-dependent cation current evoked by membrane hyperpolarization (termed I h ). Both the rate of activation and the amplitude of I h were enhanced by membrane hyperpolarization. Half-maximal activation of I h was about -105 mV with conventional whole cell and -80 mV when the perforated patch technique was used. In current clamp, injection of hyperpolarizing current produced a marked depolarizing 'sag' followed by rebound depolarization. Activation of I h was augmented by an increase in the extracellular K + concentration and was blocked rapidly by externally applied Cs + (1-5 mM). The bradycardic agent ZD 7288 (10 µM), a selective inhibitor of I h , produced a characteristically slow inhibition of the portal vein I h . The depolarizing sag recorded in current clamp was also abolished by application of 5 mM Cs + . Cs + significantly decreased the frequency of spontaneous contractions in both whole rat portal vein and rabbit portal vein segments. RT-mPCR of rabbit portal vein myocytes using primers derived from existing genes for hyperpolarization-activated cation channels (HCN 1-4) revealed the existence of cDNA clones corresponding to HCN2, 3 and 4. The present study shows that portal vein myocytes contain genes shown to encode for hyperpolarization-activated channels and exhibit an endogenous current with characteristics similar to I h in other cell types. This conductance appears to determine partially the rhythmicity of this vessel.
Introduction.
Cation currents activated by membrane hyperpolarization (termed I f, I q or I h ) have been studied extensively in neuronal and cardiac cells where they regulate rhythmic oscillatory behaviour (24, 27,) . These currents have distinctive characteristics namely sigmoidal activation that increases with hyperpolarization; permeability to K + and Na + , enhancement by external K + and cAMP and inhibition by external Cs + and the bradycardic agent ZD7288 (5, 26) . To date 4 genes that encode I h have been isolated from primarily neuronal and cardiac tissues (11, 12, 20, 27) . These clones termed HCN 1-4 for consistency (9) share a high degree of homology but exhibit subtle differences when the gene product is expressed in various vectors (eg 11, 21) . Moreover, the distribution of expression in various tissues is markedly different for each HCN isoform (11, 28, 30) .
Cation-currents evoked by membrane hyperpolarization have also been recorded in various spontaneously active smooth muscle cells such as the jejunum (4); bladder (13) ; stomach (15) ; lymphatic vessels (23) , uterus (25) and ileum (35) . Furthermore, these currents have been implicated in pacemaking activity in lymphatic vessels (23) and the uterus (25) . However, hyperpolarization activated cation currents have not been characterized in vascular smooth muscle cells. The aim of the present study was to characterize a hyperpolarization-activated cation current in smooth muscle cells isolated from portal vein, a blood vessel that is relatively unique in that it exhibits regular spontaneous contractions (16, 31) and shares many similarities with visceral muscles (16, 31) . Identification of I h in portal vein cells was based upon the exhibition of various characteristics that are distinctive for I h in other cell types (listed above). Functional studies were also performed to determine if blockers of this conductance (Cs + or ZD7288) could modify the spontaneous contractile activity of the portal vein. In addition, using multiplex polymerase chain reaction (RT-mPCR) technique (7, 11) the expression profiles of HCN1-4 were determined in rabbit portal vein. A preliminary account of the work has been presented previously (14) .
Methods and Materials.
Isolation of vascular myocytes. 
Multiplex and nested PCR
The HCN1-4 were amplified simultaneously in the multiplex PCR using HCN1-4 primers as previously described (11, 30) . The primer sequences were taken from the following sequences in GenBank, HCN1 primers from HAC2, accession no. AJ225123;
HCN2 primers from HAC1, accession no. AJ225122; HCN3 primers from HAC3, accession no. AJ225124 and HCN4 primers from mBCNG-3 accession no. AF064874. 
Statistics.
All data are the mean of n cells ± s.e.m. All electrophysiological data contain experiments from at least 3 different animals.
Results.
I h has distinctive characteristics that allow this conductance to be identified from other inward rectifiers. These characteristics include slow, sigmoidal activation upon hyperpolarization, permeability to Na + and K + , blockade by Cs + and ZD7228. We have used these distinctive features to compare I h in the present study with similar currents recorded in previous studies.
Hyperpolarization of portal vein smooth muscle cells from a holding potential of -50 mV to potentials more negative to -70 mV for 4s evoked a slowly developing inward current (termed I h ) after an initial delay (see Fig 1) . This current did not inactivate during prolonged test pulses (see Fig 5 for example) and did not exhibit 'rundown' over the course of an experiment. Progressive membrane hyperpolarization shortened the duration of the delay and increased the amplitude of the current at the end of a 4 s step (Fig 1B) .
The enhancement of current amplitude was associated with an enhanced rate of activation. Figure 1 shows that at -110 mV the development of I h could be fitted by a single exponential with a time constant (τ) of 6000 ms. At -150 mV the current was also well fitted by a single exponential with a τ of 371 ms. Figure 1C shows the mean data from 13 cells showing that τ decreased e-fold for a 18 mV hyperpolarization. These values for the activation of I h at room temperature are comparable to time constants recorded in other smooth muscle cell types (e.g 23, 25, 35) . Figure 1 also shows that following the test step to negative potentials stepping back to the holding potential revealed a slowly declining inward 'tail' current that represented the closure of I h channels opened by the previous membrane hyperpolarization. The amplitude of the tail current following each hyperpolarization relative to the amplitude of the maximum tail current gives an index of the current availability. Fitting of the Boltzmann function to these data (see Fig 2c) gives a potential of half maximal activation (V 0.5 ) of -112 ± 11 mV and a slope factor of 12 ± 2 mV (n=7). When the duration of the test step was prolonged to 10 s to ensure greater activation of I h at each test potential V 0.5 was shifted to -108 ± 5 mV and the slope factor was unchanged (n=4). However, when similar experiments were performed using the perforated patch configuration of the whole cell voltage clamp technique V 0.5 was calculated to be -83 ± 3 mV and the slope 13 ± 3mV 
Effect of extracellular K + and Na + on I h .
A feature of I h that distinguishes it from conventional K + inward rectifiers is that it is carried by Na + and K + and has a concomitant reversal potential (E rev ) that is between -25 mV and -40 mV (e.g 4, 23). Application of the modified GHK to these reversal potential measurements shows that the relative permeability of Na + to K + (P Na :P K ) is between 0.2-0.5 (26) . In portal vein cells E rev was -37 ±2 mV (n=7) that was markedly different from the theoretical E K and E Cl with the solutions used (-78 mV and -3 mV) and
shows that I h in portal vein myocytes is also carried by K + and Na + . A similar value for E rev was obtained in 2 cells where E rev was also calculated by determining the reversal potential of the tail current following maximal activation at -120 mV. Similar to previous reports the amplitude of I h in portal vein myocytes was not affected by complete removal of external Ca 2+ (n=3). Calculation of P Na :P K in the portal vein myocytes using the reversal potential values and the modified GHK equation gave a value of 0.4 under physiological ion gradients that is similar to values reported for I h in jejunal, lymphatic and uterine smooth muscle (4, 23, 25) .
The generation of inward current was highly dependent on the extracellular K + concentration. Thus, I h could not be evoked when the external solution contained no K + (n=3). Moreover, when the external K + concentration was increased from 6 mM to 40 mM with a concomitant reduction in extracellular Na + concentration there was a marked enhancement of I h (Fig 2) . In this series of experiments the amplitude of I h at -110 mV was 35 ± 18 pA (n=7) in 6 mM external K + and 114 ± 58 pA in 40 mM external K + (n=5).
The mean data from 7 such experiments is shown in Fig 2B and it can be seen that the amplitude of I h was augmented at every potential where I h was activated. This was associated with an acceleration of the rate of activation at each test potential. For example the mean τ for current activation at -110 mV was 5.8 ± 1.2 s in 6 mM K + (n=13) and 1.9 ± 0.19 s in 40 mM K + (n=7). Figure 2C shows that the augmentation of current amplitude by an increase in the external K + concentration was associated with a shift in the voltagedependence of activation to less negative potentials. Reduction of external Na + by 36 mM without a concomitant increase in K + (equimolar replacement with the impermenat cation TRIS) did not augment I h (see Fig 3 for example) . In 4 cells the mean amplitude of I h at -110 mV was -27 ± 7 pA and -20 ± 2 with 136 mM and 102 mM external Na + , respectively. These data show that similar to I h in other studies the activation of this conductance in portal vein smooth muscle cells is markedly accentuated by an increase in external K + concentration.
Inhibition of I h by extracellular Cs and ZD7288.
Previous studies have shown that I h is rapidly inhibited by extracellular Cs + (eg 4, 25) and slowly blocked by the bradycardic agent ZD7288 (5, 13). Figure 4A shows an example of the effect of bath applied Cs + on I h activated in portal vein myocytes.
Addition of 2 mM Cs + to the bathing solution produced a rapid and complete inhibition of the time-dependent current (see Fig 4B) that was fully reversible after 5 min wash with normal extracellular solution (mean data are shown in Fig 4B) . In comparison, application of Ba 2+ up to 1 mM had no effect on the amplitude of I h . In 3 cells the mean amplitude of I h at -110 mV in the absence and after 2 min incubation in 1 mM Ba 2+ was -120 ± 47 pA and -119 ± 43 pA, respectively. Application of 10 µM ZD7288 to the bathing solution produced a characteristically slow inhibition of I h (see Fig 4C) 
Effect of dbCAMP on I h.
It has been shown in numerous studies that activation of I h is rapidly (within 1 min) augmented by manoeuvres that increase cAMP concentration such as stimulation of adenylate cyclase by forskolin or inhibition of phosphodiesterases (10, 19, 26) . In the present study the cell permeable analogue of cAMP, dibutyryl cAMP (10-100 µM) was applied to cells exhibiting I h . It can be seen from figure 5 that application of 100 µM dibutyryl cAMP for 8 min did not enhance the activation of I h but actually diminished the current amplitude. In Figure 5 
Functional role of I h.
Previous studies have shown that I h contributes to the depolarizing 'sag' in membrane voltage produced in response to injection of hyperpolarizing current (e.g 4, 23, 25). This depolarizing potential can elicit overshoot action potentials and underpins cellular rhythmicity. Similar anomalous rectification of membrane potential was observed in the present study. Figure 6 shows an example of a current clamp recording from a portal vein smooth muscle cell made using the perforated patch technique. In the cell shown the resting membrane potential was -36 mV and injection of depolarizing current evoked a rapid depolarizing action potential followed by a sustained depolarization.
Injection of 20 pA hyperpolarizing current produced an initial deflection to -87 mV that gradually relaxed to a level of -67 mV. Figure 6 also shows that the amplitude and rate of 'sag' was enhanced by injection of more hyperpolarizing current Termination of the current pulse was accompanied by an immediate rebound depolarization and similar effects were observed in 4 other cells. In the presence of 5 mM Cs + , which abolishes I h, the voltage response to injection of depolarizing current was unaffected but the voltage 'sag' seen following injection of hyperpolarizing current was completely absent and the extent of membrane hyperpolarization was more marked (Fig 6b) . Moreover, the generation of rebound depolarization after termination of the current pulse was markedly slowed. These data show that a hyperpolarization-activated and Cs + -sensitive conductance limits the duration and extent of membrane hyperpolarizing responses and provides a depolarizing influence.
A role for I h in the generation of spontaneous contractile activity has been implicated in other smooth muscle preparations (23, 25) . As portal veins exhibit spontaneous mechanical activity (31) we used conventional isometric tension recordings to study the possible contribution of I h to the contractile activity of rabbit portal vein. As the whole rabbit portal vein is too large to be bathed in a conventional organ bath we used transverse segments taken from different areas of the vein. Under control conditions there was a marked difference in the frequency of spontaneous contraction depending on the anatomical position of the segment (see Figure 7A for example). Segments close to the hepatic end of the vessel exhibited contractions every 33 ± 5 s (n=3 animals) whereas more central segments had a shorter inter-contraction interval of 10 ± 2 s (n=3 animals).
Application of 5 mM Cs + prolonged the interval between respective contractions in all segments of rabbit portal vein (mean increase in duration was 36 ± 4 %; n= 6 segments from 3 rabbits). Addition of 20 µM ZD7288 to the organ bath produced complicated effects on the spontaneous activity recorded in rabbit segments (n=3 animals) that were difficult to quantify. This was characterized by a loss of synchrony resulting in frequent small contractions at irregular intervals similar to previous observations on rat detrusor muscle (13) . We also performed similar experiments on whole portal veins excised from rats to investigate whether Cs + could modulate the spontaneous activity of a complete 
Molecular Biology of the underlying channel.
The characteristics of I h in rabbit portal vein resemble those of ion channels expressed by HCN genes. Consequently, we used RT-mPCR to determine the molecular identity of the channel underlying I h . Three rabbit genes encoding regions homologous to HCN2, HCN3 and HCN4 were found in rabbit portal vein smooth muscle cells ( Figure   8 ). The clones isolated from the smooth muscle cells (rpvsm HCN2,3, & 4) showed significant homology with those already published from rat and rabbit. RpvHCN2 was 93% homologous to accession no. AF067815, rpvHCN3 was 97% homologous to accession no. AF247452 and rpvHCN4 was 93% homologous to accession no.AB022927. These data show that cDNA corresponding to HCN is amplified by RTmPCR in single cells collected from rabbit portal vein smooth muscle.
Discussion.
We show in the present study that in rabbit portal vein smooth muscle cells an ion current carried by monovalent cations is elicited by progressive membrane hyperpolarization. This current termed I h was not affected by 100 µM Ba 2+ but was rapidly inhibited by external Cs + and slowly blocked by a specific inhibitor, ZD7288. The degree of inhibition and slowness of effect of ZD 7288 was similar to that reported in rat detrusor myocytes (13) . These kinetics and pharmacological properties of I h are similar to those of I h reported in other spontaneously active, visceral smooth muscles (see Introduction) and are clearly different from the features of the time-independent, Ba 2+ -sensitive inward rectifier K + channels (Kir) that have been reported in some arterial smooth muscle cells (6) . Although this current was described briefly by Kamouchi et al (18) , the present study represents the first extensive characterization of this conductance in vascular smooth muscle cells. Moreover, RT-mPCR reactions using primers specific to HCN 1-4 revealed the existence of three HCN clones in portal vein myocytes that have been shown to encode for hyperpolarization-activated cation currents (9, 19, 29) . A functional role for this conductance was implicated from current clamp experiments that showed that injection of hyperpolarizing current produced a marked Cs + -sensitive depolarizing 'sag'. In addition, blockers of I h modified the spontaneous contractile activity of rabbit and rat portal veins.
Voltage-dependence of I h in portal vein myocytes.
In the present study the activation of I h at room temperature was relatively slow differentiating this conductance form a conventional pure K + inward rectifier (eg Kir).
The activation of 
Modulation of I h in portal vein cells by cAMP.
One of the distinctive properties of endogenous hyperpolarization-activated cation currents in cardiac and neuronal preparations is that the voltage-dependence is shifted to less negative potentials by the direct binding of cAMP to the channel (10, 26) . In the present study application of a cell permeable analogue of cAMP (dibutyryl cAMP) did not enhance I h and actually reduced the amplitude of I h slightly. However, dibutyryl cAMP did augment the outward current in portal vein cells consistent with the effects of cAMP on delayed rectifier currents reported previously in this cell type (1). A similar lack of effect of cAMP has been observed on native I h in Octopus cells of the Mammalian Cochlear (2) and anterior pituitary cells (32) , as well as some heterologously expressed HCN isoforms (8, 19) . Moreover, it is significant that only one study of I h in smooth muscle cells has reported a small stimulatory effect of cAMP on I h (35) . These data suggest that the channel underlying I h may have a different molecular composition than I h channels in cardiomyocytes and various neurones where the current is highly sensitive to cAMP. Alternatively, the basal level of cAMP in portal vein smooth muscle cells may be sufficient to saturate the cyclic nucleotide binding site similar to the situation in mouse anterior pituitary cells (32) . Future studies will attempt to elucidate the precise regulatory pathways that govern the activation of I h in portal vein smooth muscle cells.
Identification of HCN in rabbit portal vein.
The fact that the native I h in portal vein myocytes is activated by hyperpolarization, its selectivity for K + over Na + is low and it can be blocked by Cs + all suggested that its molecular structure would be similar to that encoded by the HCN gene family. Consequently we isolated partial cDNA clones for three rabbit genes homologous to HCN2, 3 and 4 in rabbit portal vein smooth muscle cells. The rate of activation of I h in portal vein cells is comparable to the slow kinetics of heterologously expressed HCN4
that has an activation time constant at -150 mV of few hundred milliseconds (19, 29) , which is considerably slower than other HCN isoforms. However, activation of HCN4 is augmented markedly by cAMP (19, 29) in contrast to the relative insensitivity of the native I h to cAMP in portal vein cells. HCN1 channels are almost unaffected by cAMP (8, 19, 29) but the rate of activation of HCN1 channels is very fast and no expression of HCN1 gene products were detected in the single cell PCR of portal vein myocytes.
HCN channel subunits assemble to form either homotetramers or heterotetramers and recent studies suggest that when different members of the HCN family are coexpressed the heterologous channels have distinct channel characteristics in terms of kinetics and sensitivity to cAMP compared to homologous combinations (8, 33) .
Moreover, the characteristics of HCN channel subunits can be modulated by auxiliary, non-pore forming β subunits, such as mink-related peptide 1 (MiRP1, 36) similar to the situation with K + -channels (e.g 34). Consequently, which isoform (or isoforms)
contribute to the channel protein underlying I h can only be speculated until the portal vein transcripts are cloned and expressed in heterologous expression systems. These experiments would also highlight whether the features of the native current are the product of heterogeneous HCN combinations alone or due to modulation by subunits such as MiRP1. Additional PCR experiments to identify the presence of regulatory subunits in the portal vein would also be undertaken. In addition, antibodies to various HCN isoforms have been raised and these could be used to elucidate functional HCN isoforms.
Putative role of I h in the generation of spontaneous contractile activity of the portal vein.
In current clamp experiments injection of hyperpolarizing current evoked an electrotonic potential that had a pronounced depolarising 'sag' that was followed immediately upon termination of current injection by a marked depolarisation.
Application of Cs + abolished the anomalous rectification and increased the latency of the rebound depolarisation. Moreover, Cs + slowed markedly the spontaneous contractile activity of segments of rabbit portal vein as well as the rhythmic activity of whole rat portal veins. Similar effects of external Cs + were observed on contractile activity in sheep lymphatic vessels (23) and rat uterine tissues (25) . This effect is consistent with the blockade of an ion conductance that provides a depolarizing influence sufficient to activate voltage-dependent calcium influx. The voltage-dependence, activation kinetics and lack of inactivation of I h give this conductance the unique property of activating upon membrane hyperpolarization that follows action potential discharge (19, 26) . Hence I h has been implicated as a pacemaker current. This proposal is supported by the observation that I h has so far been reported in smooth muscle cells that exhibit regular spontaneous contractions analogous to the rhythmic firing and contraction of thalamic neurones and cardiomyocytes (26) . However, the fact that Cs + did not abolish spontaneous contractile activity in neither rat nor rabbit portal vein suggests that I h is not the sole mechanism responsible for generating spontaneous activity in these preparations.
The precise mechanism that governs rhythmicity in the portal vein is unknown and would require the use of various agents such as TEA and 4-AP in functional studies to tease apart the contributions of different ion channels to normal electrical activity. Moreover, it is a worthwhile caveat that application of Cs + externally might also affect other ion channels involved with the normal electrical activity of smooth muscle cells. Ideally a more selective and specific agent would be used to probe the functional role of I h in the generation of spontaneous activity. However, application of the specific inhibitor of I h ZD 7288 (see 5 and 13) produced more complicated effects on the spontaneous activity of rabbit portal vein segments, including an increase in basal tension, that were comparable to the actions of this agent on spontaneous contractile activity in rat detrusor muscle (13) . The mechanism that ZD 7288 increases contractile activity was not determined in the previous study (13) but precluded the use of this agent to probe for a role of I h in the generation of spontaneous activity.
In conclusion, the present study shows that a hyperpolarization-activated cation current with characteristics similar to I h reported in cardiomyocytes, neurones and visceral smooth muscle cells (26) is present in a vascular smooth muscle cell type.
However, it is worth noting that the portal vein is a relatively specialized blood vessel in that it has a predominant longitudinal layer of smooth muscle (16, 31) that contributes to its function as a pumping unit that exhibits regular, coordinated contractions. It is therefore possible that the hyperpolarization-activated current studied in the present investigation may not exist in quiescent 'conventional' blood vessls. It remains the aim of future experiments to determine the molecular and regulatory determinants of this conductance in smooth muscle and whether such a conductance exists in other blood vessels.
Legends. The line highlighted by * shows the lag between the termination of the injection of hyperpolarizing current and the initiation of rebound depolarization. 
